We present a scheme for tuning two quantum point contacts as a quantum-limited charge detector. Based on the scattering matrix approach, we analyze a general condition of quantum-limited detection with a single-channel quantum detector possessing time-reversal symmetry. From this analysis we find that quantum-limited detection can be easily realized with two quantum point contacts connected in series, which is not possible if only a single quantum point contact is used.
Detection of single charges in mesoscopic systems has generated a lot of interest in recent years [1] [2] [3] . On one hand, it is important for the operation of nano-scale devices and solidstate realization of quantum information processing with charge qubits. On the other hand, charge detection inevitably causes back-action dephasing, and the controlled dephasing provides an ideal playground for studying the complementarity principle in quantum theory [4] [5] [6] [7] [8] .
A detector is called quantum-limited (100% efficient) if the dephasing in the measured system is only due to the information acquisition by the detector. A single quantum point contact (QPC) is often used as a detector of single electrons 1, 3, 5, 8, 9 . However, a generic single QPC is found to have low efficiency because of the large phase-sensitive contribution of dephasing which cannot be read out by the detector circuit 8, 10, 11 . It has been proposed that a quantum-limited detection (QLD) is possible with edge-state interferometers at high magnetic field 12, 13 . Time-reversal symmetry (TRS) is broken in these detectors due to the high magnetic field.
In this Communication, we present a simple scheme of QLD with two QPCs connected in series ( Fig. 1) for detection of the charge state of a nearby qubit. The detector does not require a high external magnetic field, and preserves the TRS. Based on the scattering matrix analysis, we derive a general condition of a QLD for a single-channel conductor with TRS. In particular, we find that a QLD can be easily achieved by tuning only the ratio of the reflection probabilities of the two QPCs. This is important for constructing a high-efficiency detector and is in strong contrast to the case of a single QPC in the following context. For a single QPC, strict mirror-reflection symmetry is required for a QLD [14] [15] [16] . However, the mirror-reflection symmetry cannot be controlled generically, and it is the main reason why a single QPC has a low efficiency 10, 11 . We also point out that the detection sensitivity can be improved due to multiple reflections at the two QPCs.
A measurement of charge state is accomplished through the scattering processes in a detector. We assume that the detector has only a single transverse channel at zero temperature.
The scattering process is described by the S-matrix
which connects the two incoming and the two outgoing waves. In the weak-coupling limit, the change of the scattering coefficients due to an extra charge is small, and it can be described in terms of a continuous weak measurement. For an applied bias V > 0 (that is, the electrons are injected from the left lead of the detector), the measurement-induced "disturbance" of the qubit state is characterized by the dephasing rate [17] [18] [19] [20] 
where R = |r| 2 and ∆R are the reflection probability and its change due to different qubit states, respectively. ξ = arg(t/r) and ∆ξ are the relative phase of t and r, and its change due to different qubit states, respectively. The first term of Eq. (2a) is equivalent to the rate of measurement by the detector [14] [15] [16] . On the other hand, for a reversed bias, V < 0, Γ d is given by
where
The following constraints exist because of the unitarity of S-matrix:
which presents the invariance of the measurement and dephasing rates under reversal of the bias. This invariance might seem to be obvious, but it is shown only by applying the unitarity of the scattering matrix.
To reach a QLD, the ratio of the measurement to the dephasing rates should be maximized. This is achieved by the condition ∆ξ = 0 (or equivalently ∆ξ ′ = 0). We find that, for a detector with TRS (t = t ′ ), the QLD condition is reduced to
or ∆f = 0. It is clear from this relation that the mirror-reflection symmetry (r = r ′ ) is a sufficient (not a necessary) condition 21 for a QLD, which was not possible to achieve in practice with single QPCs 8, 10, 11 .
Next, we analyze the QLD condition of two QPCs based on Eq. (3). Each QPC (QPC a and QPC b ) is characterized by the scattering matrix S α (α = a, b):
The components of the S-matrix of the two QPCs in series are given by
independent of the qubit state. We find the QLD condition ∆f = 0 with f of Eq. (3) given
is the phase shift accumulated in one round-trip between the QPCs, and θ = arg(r a )
22 .
In the weak-coupling limit, the QLD condition of our setup can be approximated as,
. In general, we cannot easily find what is going on with this complicated condition. In the following, we discuss two simple examples ( Fig. 1(a) and (b)) where the QLD condition can be derived.
In practice, it is useful to consider the general case of Fig. 1(a) , because interactions with the qubit are expected to be stronger in this case compared to that of Fig. 1(b) . In order to understand how a QLD is possible in this configuration, we use a potential shift model (Fig. 2) 11 for QPC a . In this model, the interactions with the qubit are taken into account by the two parameters, ∆V and ∆x. That is, interactions of QPC a with an extra charge in the qubit induces a change of the peak height (∆V ) as well as a parallel position shift (∆x) in the potential. This can be expressed as
where V 0 (x) (V 1 (x)) stands for the 1D potential of the QPC a in the absence (presence) of an extra charge at the qubit. The two parameters ∆V and ∆x represent the symmetric and the asymmetric responses to the extra charge, and provide the current-sensitive and the phase-sensitive contributions to dephasing, respectively.
The general QLD condition derived in Eq. (7) can be applied to the special case under consideration. We are mainly interested in the limit where a single QPC has low detector efficiency. In a single QPC with low efficiency, ∆R a induced by ∆V is negligible in Eq. (7).
In fact, this is the case for generic single QPCs 8,10,11 . In this limit, the QLD condition is reduced to ∆θ + ∂f ∂φ ∆φ = 0, which can be achieved by controlling the parameters R a , R b , and φ. With the potential shift model (neglecting ∆V ), the two reflection amplitudes r a and r ′ a are modified by the parallel shift ∆x as
where k is the wave number of the injected electrons. Therefore, we get a simple relation ∆ arg(r a ) = −∆ arg(r ′ a ), or equivalently, ∆θ = −∆φ. This leads to the QLD condition of
We find that this condition is achieved if
This means that a QLD can be easily controlled by tuning only the reflection probabilities of the QPCs with R a < R b for a given value of phase φ. This is in contrast to the special QLD condition of a strict mirror-reflection symmetry (r = r ′ ) in the detector potential.
We have shown that two QPCs in series have crucial advantages for high-efficiency detection compared to a single QPC. In the following, we also discuss the sensitivity enhancement due to the existence of the 2nd QPC. The sensitivity is related to the dephasing rate, since the latter represents the maximum possible rate of charge detection which can be obtained in principle. Here we compare the dephasing rate of a quantum-limited detector of two QPCs to that of a single QPC. For a comparison, we again use the potential shift model of Eq. (8) and neglect the contribution from ∆R a . For a quantum-limited detector with two QPCs, we find
with the condition of Eq. (10b). On the other hand, the dephasing rate of a single QPC is
Note that the dephasing rate of Eq. (11) is equivalent to the actual measurement rate. In contrast, the dephasing rate of a single QPC (Eq. (12)) can be transformed to the actual measurement rate only when an additional interferometer is introduced with proper tuning of its parameters 12 . In any case, we find that quantum-limited detector with two QPCs is more sensitive than a single QPC detector, for the parameter range
one can always tune the two QPCs to make them more sensitive than a single QPC. The enhancement of the sensitivity becomes more prominent as R b ∼ R a with 1 − R b ≪ 1.
Together with the condition of the QLD (Eq. 10b), our study shows how an efficient and sensitive charge detector (which are the two main properties of a 'good' detector) can be achieved by using two QPCs.
Next, we briefly discuss the simpler case of Fig. 1(b) , where only the phase shift φ is affected by the qubit state, while ∆R a = ∆θ = 0. In this case, the QLD condition is reduced to ∂f ∂φ = 0. We find that it can be achieved if
Therefore a QLD can be realized simply by setting the two reflection probabilities equal.
As in the case of the potential shift model for the setup of Fig. 1(a) , this is a much easier constraint for realization than the general QLD condition of r = r ′ . The dephasing rate in the QLD limit of this setup is given by
It is straightforward to show that the dephasing rate can be tuned to be larger than that of a single QPC.
Aside from the issue of realizing a "good" charge detector (efficiency and sensitivity), a peculiar point exists at φ = π in the dephasing rate of Eq. (14) . The dephasing rate vanishes at φ = π, despite the charge sensitivity of the detector. In other words, the phase coherence of the qubit is fully restored even though there are Coulomb interactions between the 'detector' (conductor) and the 'system' (qubit). This can be regarded as a demonstration that the acquisition of the information, rather than the interaction-induced momentum kick, plays the central role in the quantum mechanical complementarity 7, 8 . The interaction itself does not destroy the quantum coherence of the qubit unless (part of) the state information is transferred to the detector as a result of the interaction.
In conclusion, we have proposed that two quantum point contacts connected in series can be easily tuned for quantum-limited charge detection. This is of practical importance because a single quantum point contact has generically low efficiency and there is no systematic way to improve the efficiency of single quantum point contacts. We have also discussed the sensitivity improvement due to multiple reflections of the two point contacts. Our study demonstrates that two quantum point contacts connected in series have crucial advantages for realizing a good charge detector. V i (x) stands for the QPC potential where the qubit state is i(∈ 0, 1). The symmetric and the asymmetric responses to the extra charge qubit are taken into account via the parameters ∆V and ∆x, respectively. Note that no specific potential form is assumed.
